In smooth-muscle cells (SMC) isolated from rat aorta, angiotensin II stimulates a phospholipase C with subsequent formation of inositol trisphosphate (InsP3). Short-term (10 min) pretreatment of SMC with 12-O-tetradecanoylphorbol 13-acetate (TPA; 100 nM) decreases the angiotensin II-induced InsP3 formation. However, this inhibition is not observed after incubating the cells for 2 h with TPA. Longer-term pretreatments even lead to an enhanced generation of InsP3. This increased response to angiotensin II occurs without a significant change in the receptor number or Kd value of angiotensin II binding to the cells. The biologically inactive phorbol ester 4a-phorbol 12,13-didecanoate was without effect on angiotensin IIstimulated InsP3 generation, irrespective of the time of preincubation. In parallel with this potentiation of angiotensin IT-induced generation of InsP3 by TPA, a down-regulation of protein kinase C activity is observed. A 24 h pretreatment of SMC with TPA decreases protein kinase C activity to less than 10 % of that of control cells. Longer-term pretreatment also increases the angiotensin II-induced release of Ca2l and delays the decay of the transient Ca2" increase. All these data suggest that protein kinase C exerts a negative feedback control on angiotensin II-stimulated polyphosphoinositide turnover, and that protein kinase C is an important factor in limiting the production of InsP3 in stimulated cells.
INTRODUCTION
Desensitization is a widespread regulatory phenomenon in which exposure of a cell to a variety of hormones acting by way of membrane-bound receptors results in a decrease in the number ofsuch receptors or the magnitude of the physiological response induced by the hormone (Sibley & Lefkowitz, 1985) . For those cell types in which several hormones act through a common mechanism, desensitization is considered homologous if the diminished biological response is selective for one agonist and heterologous when one agonist induces refractoriness to several hormones.
Angiotensin TI is a potent vasoconstrictor in many vascular beds (Gross, 1971; Regoli et al., 1974) . In most vessels, however, the hormone fails to produce a sustained contraction, reflecting a specific homologous desensitization phenomenon (McGiff & Itskovits, 1964 ; Aiken & Vane, 1972) . The direct action of angiotensin II on vascular SMC results in a rapid formation of InsP3 and diacylglycerol, which are concomitantly generated by the hydrolysis of phosphatidylinositol 4,5-bisphosphate (Smith et al., 1984; Capponi et al., 1985; Alexander et al., 1985) . InsP, mobilizes Cal' from endoplasmic reticulum, whereas diacylglycerol activates protein kinase C (Berridg'e, 1984) . These biochemical signals then interact to cause contraction of SMC (Sommerville & Hartshorne, 1986) . Angiotensin TI-and vasopressin-induced generation of InsP3 and subsequent Ca2l mobilization have been shown to be decreased or abolished by short-term preincubation with tumour-promoting phorbol esters Caramelo et al., 1988) . Similar results have been obtained in different cell types, suggesting a general role for protein kinase C as a negative feedback regulator of cell function (Maclntyre et al., 1985; SagiEisenberg et al., 1985; Naccache et al., 1985; Lynch et al., 1985; Drummond, 1985; Pfeilschifter, 1986) .
To elucidate the contribution of protein kinase C to cellular function, two further approaches have been chosen. One approach is the use of inhibitors of protein kinase C, which is limited, however, by the partial selectivity of drugs (Hidaka et al., 1984; Hannun et al., 1986; Tamaoki et al., 1986; Kuo et al., 1983) . Alternatively, long-term exposure of cells to phorbol esters results in a down-regulation of protein kinase C and disappearance of phorbol ester responsiveness (Rodriguez-Pena & Rozengurt, 1984; Ballester & Rosen, 1985) . In the present paper we report that downregulation of protein kinase C results in elevated basal and angiotensin II-stimulated levels of InsP, and subsequent amplified Cal' mobilization in SMC. [tyrosyl-1251] angiotensin II was from Anawa, Wangen, Switzerland; quin 2/AM and ionomycin were from Calbiochem, Lucerne, Switzerland; all cell-culture nutrients were from Boehringer, Mannheim, Germany; all other chemicals used were from Merck, Darmstadt, Germany.
Cell culture
Cultures of SMC from rat aorta were prepared by the explant technique of Ross (1971) as described by Pfeilschifter & Riiegg (1987) . The cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 15 %0 (v/v) fetal-calf serum, glutamine and antibiotics. Clones of SMC were characterized morphologically by phase-contrast microscopy and positive staining for the intermediate-filament desmin, which is considered to be specific for myogenic cells (Travo et al., 1982) . Preparation of soluble and particulate fractions Confluent SMC in 100 mm-diam. dishes were washed twice and incubated with 10 ml of DMEM containing 2 00 (v/v) fetal-calf serum with or without the indicated concentration of phorbol ester. After the indicated time periods, the dishes were put on ice and the medium was aspirated and replaced by 3.2 ml of homogenization buffer (20 mM-Tris/HCl, pH 7.5, 5 mM-EGTA, 250 mMsucrose, 0.1 mM-dithiothreitol, 1 mM-phenylmethanesulphonyl fluoride). Cells were scraped off with a rubber policeman and sonicated on ice for 3 x 10 s (Branson sonifier, setting 4). After centrifugation at 100000 g at 4°C for 60 min, the supernatants (cytosolic fractions) were removed and kept on ice until assayed for protein kinase C activity. The pellets were resuspended in the original volume of homogenization buffer containing 1 % Nonidet P40 by sonicating for 2 x 15 s, and incubated on ice for 1 h, followed by centrifugation at 100000 g at 4°C for 60 min. The supernatants were removed and used as 'particulate fraction' in the protein kinase C assay. Protein determination was performed by the method of Bradford (1976) . Assay for protein kinase C Protein kinase C activity was assayed by measuring the 32P incorporation from [y-32P]ATP into lysine-rich histone from calf thymus (type IIIS; Sigma) in the presence of Ca2", phosphatidylserine and diolein, as described elsewhere (Pfeilschifter, 1988 Berridge (1983) , as described by .
In some experiments inositol phosphates were separated by anion-exchange h.p.l.c. on a Partisil 10 SAX column (Whatman, Maidstone, Kent, U.K.) with an ammonium formate gradient (0-1.7 M), by the method described by Irvine et al. (1986) . The peaks of inositol, Ins(1,4,5)P3 and Ins(1,3,4,5)P4 were identified with the elution profile of pure standards obtained from Amersham International. The nature of Ins(1,3,4)P3 was presumed on the basis of its co-elution with ATP (Irvine et al., 1985) . A 24 h pretreatment of SMC with TPA decreased the total water-soluble [3H]inositol content of the cells (as determined by the radioactivity eluted with the first wash of the Dowex columns with distilled water). Since water-
soluble [3H]inositol and its phosphorylated metabolites
were co-processed in the separation assay, and thus should be subject to the same losses, the ratios of the phosphorylated compounds relative to total watersoluble [3H]inositol were calculated for each sample.
Angiotensin II binding assay Approx. 108 cells (approx. 20 mg of membrane protein) were suspended in 3-5 ml of phosphate-buffered saline (PBS; 137 mM-NaCl/2.7 mM-KCl/8 mM-Na2HPO4/ 1.5 mM-KH2PO4) and stored at -70 'C. The frozen cells were thawed, homogenized (Polytron, Kinematica, Lucerne, Switzerland) in 20 mM-NaHCO3 and centrifuged at 30000 g for 20 min. The pellet was suspended in 50 mM-Tris/HCI, pH 7.4, containing 125 mM-NaCl, 6 .5 mM-MgCl2, 1 mM-EDTA, 2 mg of bovine serum albumin/ml and a cocktail of peptidase inhibitors: antipain, phosphoramidon, leupeptin, pepstatin A, bestatin and amastatin, each at a concentration of 1 ,tg/ml. Portions (200,1; 10 l,g of protein) were incubated for 60 min at 25 'C with 1251-angiotensin II in the presence or absence of unlabelled ligand (0.1-5.0 nM). Non-specific binding was determined in the presence of 1 /,M unlabelled angiotensin II. The incubation was then terminated by adding ice-cold PBS and filtering through Whatman GF/F filters, with two washes. The incubation and filtration were performed automatically with a FilterPrep 101 (Ismatec, Zurich, Switzerland). The filters were counted for radioactivity in a gamma-counter. The concentration of binding sites (Bmax ) and equilibrium dissociation constant (Kd) were determined by using the LIGAND program (Munson & Rodbard, 1980) .
[Ca2"], was measured by using the fluorescent Ca2" indicator quin 2 as described by fluorescence signals were calibrated at the end of each individual scan essentially as described by Tsien et al. (1982) .
A modified Bateman function was used to fit the experimental data and calculate the intracellular Ca2+ release and sequestration. The model takes into account an exponential behaviour as follows: (Smith et al., 1984; Alexander et al., 1985) . Preincubation of SMC with TPA (500 nM) for 10 min has no significant effect on the basal InsP3 values, but significantly attenuates angiotensin II-induced formation of InsP3 (Fig. 1) . These data agree well with the report by Brock et al. (1985) . However, this inhibition is no longer observed after incubating SMC for 2 h with TPA Vol. 262
(500 nM), as shown in Fig. 1 . In contrast, longer-term pretreatments with TPA even lead to an enhanced basal, as well as angiotensin II-stimulated, formation of InsP3 (Fig. 1) . The non-tumour-promoting 4a-phorbol 12,13-didecanoate has no effect on angiotensin II-induced InsP3 formation, irrespective of the time of preincubation (results not shown). Although short-term incubation of SMC with TPA has no effect on total water- Time course of TPA-induced protein kinase C downregulation An important aspect of the activation process of protein kinase C appears to be the translocation of the enzyme from the cytosolic compartment to the plasma membrane (Nishizuka, 1986) . Fig. 2 shows the time course of this translocation of protein kinase C in SMC. Upon addition of TPA, there is a rapid increase in the membrane-associated protein kinase C activity, accompanied by a corresponding decrease of the cytosolic activity. With increasing time of the TPA treatment, a loss of protein kinase C activity can be demonstrated in SMC (Fig. 2) , as has been shown for other cell systems (Rodriguez-Pena & Rozengurt, 1984; Collins & Rozengurt, 1984; Blackshear et al., 1985) . These changes are probably due to an increased rate of degradation of protein kinase C in the phorbol-ester-treated cells (Ballester & Rosen, 1985; Young et al., 1987) . A 24 h treatment of SMC with TPA (500 nM) results in a downregulation of protein kinase C activity to less than 10 % of that of control cells (Fig. 2) . Dose-dependency of TPA effects on angiotensin IIstimulated InsP3 formation The inhibitory effect of short-term pretreatment with TPA is dose-dependent, as shown in Fig. 3 . Significant effects are already obtained with 10 nM-TPA, well in accordance with previously published data from Brock et al. (1985) . In contrast, the stimulatory effect of TPA required much higher doses (Fig. 3) . At least 100 nM-TPA was necessary to obtain a significant enhancement of angiotensin II-induced InsP3 generation, indicating that a complete and full activation of the cellular protein kinase C pool is necessary in order to establish this effect. Time course of angiotensin TI-stimulated inositol phosphate generation in protein kinase C-down-regulated SMC In control SMC, angiotensin 11 (100 nM) stimulated a rapid increase in Ins(1,4,5)P3 and Ins(1,3,4,5)P4, as shown in Fig. 4 . The Ins(1,3,4)P3 isomer showed a somewhat delayed increase, as expected from the sequential phosphorylation and dephosphorylation of Ins(1,4,5)P3 to Ins(1,3,4,5)P4 and Ins(1,3,4)P3 respectively (Berridge, 1987; Irvine et al., 1988) . The protein kinase C-downregulated SMC show an enhanced response towards an angiotensin II challenge, as shown in Fig. 4 Effect of protein kinase C down-regulation on angiotensin TI-stimulated Ca2" mobilization As Ins(1,4,5)P3 is the second messenger involved in the mobilization of Ca2t from intracellular stores (Berridge & Irvine, 1984) , one would expect an amplified mobilization of intracellular Ca2t in protein kinase C-downregulated SMC. Fluorescence response to angiotensin II of SMC loaded with quin-2/AM. The upper spectrum was recorded after pretreating the cells with TPA (500 nM, 24 h), whereas the lower spectrum shows the response in control cells. The ordinate gives the relative intensity of the emitted fluorescence, which can be directly related to [Ca2+] as shown elsewhere (Berthon et al., 1984) . Despite the different fluorescence levels in the two samples, the Ca2+ levels are the same. lation of SMC with angiotensin II and delayed the decay in [Ca2"], observed thereafter (Fig. 6) (Table 1) .
DISCUSSION
Angiotensin II-and vasopressin-induced hydrolysis of phosphatidylinositol 4,5-bisphosphate, with the subsequent formation of InsP3 and diacylglycerol and the rise in cytosolic Ca2", can be attenuated by short-term activation of protein kinase C in SMC Caramelo et al., 1988) . These observations suggest that diacylglycerol formation during angiotensin II-or vasopressin-receptor activation may feed-back to terminate phospholipase C-mediated InsP3 formation and Ca2l mobilization. Furthermore, such a modulation of signal transduction in Ca2l-mobilizing cells by protein kinase C has been proposed to be involved in homologous desensitization in SMC-derived DDT1 MF-2 cells (LeebLundberg et al., 1985) , in platelet-activating-factorinduced homologous and heterologous desensitization in SMC (Schwertschlag & Whorton, 1988) , in angiotensin II-induced homologous desensitization in mesangial cells (Pfeilschifter, 1988) , and in angiotensin II-, vasopressinand EGF-induced desensitization in a continuous liver epithelial-cell line (Hepler et al., 1988) .
To investigate further the role of protein kinase C in various cellular functions, inhibitors of protein kinase C, such as 1-(5-isoquinoline sulphonyl)-2-methylpiperazine (H-7) (Hidaka et al., 1984) , sphingosine (Hannun et al., 1986) , staurosporine (Tamaoki et al., 1986) that H-7 partially reversed the TPA effects on both the angiotensin II-and vasopressin-induced cytosolic Ca21 increase in SMC. Furthermore, in mesangial cells, H-7, sphingosine and cytotoxin I enhanced angiotensin IIstimulated InsP3 formation (Pfeilschifter, 1988) . The last report agrees well with the idea that blockage of protein kinase C would result in an increased responsiveness of the inositol-lipid signalling pathway to hormone stimulation. However, as none of the compounds used is absolutely specific for protein kinase C, the implication of other types of phosphorylation cannot be ruled out.
In an alternative approach, we have characterized the angiotensin II-induced InsP3 generation under conditions where protein kinase C has been down-regulated by long-term pretreatment of SMC with the phorbol ester TPA. We report that loss of protein kinase C results in an increased responsiveness of the inositol-lipid signalling cascade to angiotensin II stimulation in SMC. Our results agree well with the data of Brown et al. (1987) , showing that bombesin-stimulated polyphosphoinositide hydrolysis in Swiss-mouse 3T3 cells is also elevated after longterm pretreatment with TPA. Similar results were obtained by Hepler et al. (1988) . These authors demonstrated that long-term pretreatment of a continuous liver epithelial-cell line (WB cells) with phorbol ester resulted in a marked sensitization of the phosphoinositide signalling pathway to angiotensin II and EGF stimulation. Furthermore, Pandiella et al. (1987) reported that downregulation of protein kinase C in A43 1 epidermoid carcinoma cells caused the Ca2' response to EGF to increase in magnitude and to become much more persistent. Wahl & Carpenter (1988) reported that tamoxifen and sphingosine, both potent inhibitors of protein kinase C activity, potentiate the capacity of EGF to stimulate formation of InsP3 in A431 cells. Interestingly, chronic exposure of A431 cells to TPA results in an enhanced responsiveness to EGF-induced InsP3 formation.
Little is known about the precise molecular mechanism responsible for the negative-feedback inhibition exerted by protein kinase C. The enhanced responsiveness to angiotensin II in protein kinase C-down-regulated SMC is not accompanied by an alteration either in the number of cellular receptors for angiotensin II or in their affinity. It appears that protein kinase C interferes with angiotensin II-stimulated phosphoinositide hydrolysis in SMC at a post-receptor site, but before the formation of InsP3 by phospholipase C. A possible target site for protein kinase C-mediated phosphorylation may involve the Gprotein that couples angiotensin II receptors to phospholipase C. Katada et al. (1985) have demonstrated that protein kinase C is able to phosphorylate the inhibitory guanine-nucleotide-binding regulatory component of adenylate cyclase, thereby suppressing its function. It may be possible that protein kinase C also alters hormone-induced generation of InsP3 by inhibiting the signal transmission via the coupling G-protein. In support of this idea, other studies demonstrate that shortterm pretreatment of washed membranes from glomerular mesangial cells (Pfeilschifter & Bauer, 1987) and from Flow 9000 cells (Lo & Hughes, 1988) with TPA does not affect guanosine 5'-[y-thio]triphosphate-induced InsP3 formation. However, TPA pretreatment strongly decreases the potentiating effect of angiotensin II and cholecystokinin, respectively, on guanosine 5'-[y-thio]-triphosphate-induced stimulation of InsP3 accumulation, suggesting that the coupling between the receptor and the G-protein might have been impaired. Other reports show that hormone-and guanine-nucleotide-stimulated inositol phosphate formation were attenuated in membranes from astrocytoma cells (Orellana et al., 1987) and polymorphonuclear leukocytes (Smith et al., 1987 ) after short-term pretreatment with TPA. These authors conclude that the inhibitory action of TPA is exerted on a Gprotein and affects its ability to interact with phospholipase C. In contrast with the latter reports, in liver epithelial cells (WB cells) protein kinase C does not regulate agonist-induced InsP3 generation by altering the capacity of the involved G-protein to activate phospholipase C (Hepler et al., 1988) . Obviously, phorbol esters inhibit hormone-stimulated InsP3 formation in a receptor-and tissue-selecti've manner. Further studies will be necessary to unveil the exact mechanism of protein kinase C-mediated feedback inhibition of angiotensin Il-stimulated InsP3 formation in SMC.
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